To reveal the logic of size regulation in multicellular organisms, we have used Arabidopsis thaliana as a model organism and its leaves as a model organ. We discovered the existence of a compensatory system, whereby a decrease in leaf cell number often triggers unusual cell enlargement. However, despite the large number of compensation-exhibiting mutants analyzed to date, we have only a limited understanding of the detailed molecular mechanisms triggering the decrease in cell number and subsequent compensated cell enlargement (CCE). CCE in fugu5, the vacuolar type H + -pyrophosphatase loss-of-function mutant, is specific to cotyledons and completely suppressed when sucrose (Suc) is supplied or cytosolic pyrophosphate (PPi) is specifically removed. In addition, several lines of evidence suggest that excess cytosolic PPi in fugu5 impairs gluconeogenesis from triacylglycerol (TAG) to Suc. Here, detailed cellular phenotyping revealed that the loss-of-function mutants icl-2, mls-2 and pck1-2 triggered CCE in cotyledons. All double mutant combinations between fugu5-1 and the above three mutants exhibited compensation, but did not display a further increase in cell size. Importantly, similar phenotypes were observed in icl-2 mls-2, icl-2 pck1-2 and mls-2 pck1-2. Quantification of TAG breakdown and Suc contents further supported our findings. Taken together, we demonstrate that de novo Suc synthesis from TAG is fundamentally important for proper resumption of post-germinative cotyledon development. Moreover, provided that icl-2, mls-2 and pck1-2 are only compromised in Suc biosynthesis de novo from TAG, our findings clearly indicate that lowered Suc production in fugu5, rather than excess cytosolic PPi, is the direct trigger of CCE.
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Introduction
Tremendous efforts made over the past few decades to understand plant development dynamism have produced a plethora of discoveries that shed light on this field. The model plant Arabidopsis thaliana (Arabidopsis, hereafter) has been an organism of choice in studies focusing on flowers, roots and leaves (Scheres et al. 2002 , Alvarez-Buylla et al. 2010 , Vanhaeren et al. 2015 . Plant leaves display a wide variety of forms and sizes that have attracted the attention of investigators aiming to understand the control of plant development (Tsukaya 2006 , Tsukaya 2013 , Tsukaya 2014 . Despite the great strides in this field, determination of the genetic and/or molecular bases of organ size control has been challenging (Horiguchi et al. 2006a , Anastasiou and Lenhard 2007 , Tsukaya 2008 , Micol 2009 , Ferjani et al. 2008 , Ferjani et al. 2010 , Powell and Lenhard 2012 , Czesnick and Lenhard 2015 , Hisanaga et al. 2015 .
Leaf development involves harmonious co-ordination whereby the interpretation of positional cues, such as hormonal actions, is translated into cellular events that lead to the initiation of leaf primordia (Sinha 1999 , Byrne et al. 2001 , Shani et al. 2006 . At a gross scale, leaf development is dynamically driven by cell proliferation and differentiation, each of which is strictly controlled in a temporospatial manner (Donnelly et al. 1999 , Ferjani et al. 2007 ). Leaves in Arabidopsis evolve at the flanking region of the shoot apical meristem, enter a phase of active cell cycling and subsequently differentiate into different cell types. While cell cycling contributes significantly to cell number without a remarkable change in size, cell differentiation is marked by a pronounced increase in cell size that occasionally correlates with increased ploidy level, particularly in the epidermis (Katagiri et al. 2016 , and references therein). Cell division and expansion have been intuitively treated as independent processes. Nonetheless, several recent lines of evidence suggest that there is a complex interaction between cell division and expansion, as they occur simultaneously within the developing leaf primordia. The unusual increase in post-mitotic cell expansion due to decreased cell proliferation activity in leaves of compensation-exhibiting mutants exemplifies such interactions.
The efficient breakdown of triacylglycerol (TAG) into acetylCoA in Arabidopsis and its subsequent conversion to carbohydrates is fundamental for executing developmental programs at the beginning of the plant life cycle (Gerhardt 1992 , Eastmond et al. 2000 , Penfield et al. 2004 , Graham 2008 . This rapid and dynamic process relies on a relay of three major metabolic processes: b-oxidation, the glyoxylate cycle and gluconeogenesis (Graham 2008 , Ferjani et al. 2011 , Ferjani et al. 2014a , Ferjani et al. 2014b ). The sucrose (Suc) produced serves to sustain initial seedling growth and allows the successful transition from the heterotrophic to the photoautotrophic growth regime. Cotyledons are the first organs to emerge above ground, capture light and start photosynthesis. Their post-germinative development relies on both cell division and post-mitotic expansion (Ferjani et al. 2011 , Katano et al. 2016 ). Thus, they represent an ideal system to study organogenesis in plants.
The compensation-exhibiting mutants characterized so far have been subcategorized into three groups (I, II and III) based on their post-mitotic cell expansion pattern (Ferjani et al. 2007 , Ferjani et al. 2013a , Ferjani et al. 2013b , Hisanaga et al. 2015 , Katano et al. 2016 . In fact, previous kinematic analyses of leaf cell size dynamics show that compensated cell enlargement (CCE) occurs through three different modes (Ferjani et al. 2007 ), namely Class I, when the post-mitotic cell expansion rate is enhanced; Class II, when the post-mitotic cell expansion period is extended; and Class III, when cell size increases during the cell proliferative stage (i.e. before the start of post-mitotic cell expansion) (Ferjani et al. 2007 , Ferjani et al. 2013a , Ferjani et al. 2013b , Hisanaga et al. 2015 , Katano et al. 2016 . Although several mutants have been subclassified within Class I (such as fasciata1, erecta-102 and angustifolia3), their causative genes have distinct functions (Ferjani et al. 2007 , Hisanaga et al. 2015 . This has hampered a comparative analysis among mutants to deepen our understanding of the mechanisms underlying CCE. Against this background, fugu5 mutants have provided valuable information regarding this issue. The fugu5 mutant was originally isolated as a compensation-exhibiting mutant (Ferjani et al. 2007) , and its causal gene has been identified as the vacuolar type H + -pyrophosphatase (H + -PPase; Ferjani et al. 2011) . Moreover, we found that excess pyrophosphate (PPi) inhibits gluconeogenesis from seed storage lipids and triggers Class II CCE. In addition, Class II CCE is cotyledon specific and controllable by adding Suc or removing PPi (Ferjani et al. 2011 , Ferjani et al. 2014a , Ferjani et al. 2014b , Katano et al. 2016 , Asaoka et al. 2016 . Although the phenotype of fugu5 is relatively modest, it was consistent in four different alleles (Ferjani et al. 2011 ). Such a role for H + -PPase was unexpected (Bertoni, 2011) . However, our discovery has added this unique enzyme to the list of previously recognized key players that mobilize seed storage lipids, and has emphasized the importance of PPi homeostasis for successful gluconeogenesis and seedling establishment (Ferjani et al. 2014a , Ferjani et al. 2014b .
Importantly, the TAG to Suc pathway during Arabidopsis seed germination has been extensively investigated (Graham 2008 , and references therein). A literature search revealed striking phenotypic similarities between several mutants in this pathway and fugu5, such as impaired elongation of the hypocotyl in darkness. For example, in the icl-2 [loss of function of isocitrate lyase (ICL)] and mls-2 [loss of function of malate synthase (MLS)] mutants, hypocotyl elongation is only partially reduced in the dark, from which recovery occurs after Suc is provided (Eastmond et al. 2000 , Cornah et al. 2004 ). Interestingly, pck1-2, which is a loss-offunction mutant of the gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK), showed hypocotyl defects comparable with those in the above mutants (Penfield et al. 2004 ). Previous reports focused on the role of ICL, MLS and PEPCK in the TAG to Suc conversion and provided detailed biochemical features of these key enzymes and their expression patterns and activities during germination. However, the phenotypes of above-ground organs have received less attention, and to our knowledge no double mutants have been analyzed to date. Therefore, our objectives here were to analyze the cellular phenotypes of several mutants reported to date, namely icl-2, mls-2 and pck1-2, and to determine whether they exhibit Class II CCE in their cotyledons, using fugu5-1 as a model case.
Results
We constructed all double mutant combinations among icl-2, mls-2, pck1-2 and fugu5-1, and examined their phenotypes with emphasis on hypocotyl elongation, TAG mobilization, TAGbased Suc production and CCE in cotyledons and true first leaves when organs matured.
Shared morphological and phenotypic similarities between fugu5 and mutants with defects in the glyoxylate cycle or gluconeogenesis First, all single and double mutants were grown side by side on rockwool, and their gross morphologies and growth were examined ( Supplementary Fig. S1 ). Germination of all single and double mutants was unaffected (data not shown); however, we noticed striking similarities in the shapes of the cotyledons among icl-2, pck1-2 and fugu5-1. In fact, as previously reported, all fugu5 mutant alleles displayed oblong cotyledons when Suc was not provided (Ferjani et al. 2011) . Surprisingly, such a characteristic oblong cotyledon shape was also observed in icl-2 and pck1-2 single mutants ( Supplementary Fig. S1A ). In addition, all double mutants, except mls-2 pck1-2, had fugu5-1-like cotyledons ( Supplementary Fig. S1A ). Double mutants in the fugu5-1 background displayed a clear growth delay at later stages of plant growth [21 days after sowing (DAS)], which led to a smaller plant size ( Supplementary Fig. S1B ).
Next, hypocotyl elongation was examined and all single and double mutants had significantly shorter hypocotyls than the wild type (WT) (Fig. 1) . Hypocotyl elongation was mildly affected in fugu5-1 and pck1-2, whereas icl-2 and mls-2 had a rather severe phenotype. Importantly, hypocotyl lengths of fugu5-1 icl-2 and fugu5-1 mls-2 were comparable with those of icl-2 and mls-2, and that of fugu5-1 pck1-2 was the most severely affected among all genotypes analyzed (Fig. 1A) . This finding agreed with the result that plant size was most severely affected in fugu5-1 pck1-2 ( Supplementary Fig. S1A, B) . Nonetheless, the addition of Suc to the growth medium completely alleviated the defects in hypocotyl elongation in all genotypes (Fig. 1A, B ).
Seed storage lipid breakdown is differentially affected among genotypes
Seed-stored TAG pools represent the sole energy source during seed imbibition in Arabidopsis, provided that photosynthetic capability is not yet acquired. Indeed, disruption of fatty acid b-oxidation in the kat2/ped1 [loss of function of 3-ketoacyl CoA thiolase (KAT)] arrests seedling development immediately after germination, demonstrating that lipid reserves are essential for establishing the seedling (Hayashi et al. 1998) . Mutations in several other key enzymes in the TAG to Suc pathway also affect the establishment of post-germinative seedlings to different extents (Graham 2008) . Here, in addition to the single mutants, all double mutants were collectively analyzed to obtain a deeper understanding of the dynamism of this important process.
TAG breakdown in fugu5, pck1-2 and the fugu5-1 pck1-2 double mutant was the least affected ( Fig. 2A) . In contrast, icl-2 and mls-2 exhibited a significant delay in TAG breakdown, which is consistent with previous reports (Eastmond et al. 2000 , Cornah et al. 2004 ). Interestingly, although TAG breakdown in fugu5-1 single mutants was relatively normal, that in fugu5-1 icl-2 and fugu5-1 mls-2 was comparable with that of the icl-2 and mls-2 single mutants ( Fig. 2A) . On the other hand, breakdown of storage lipids in Arabidopsis seedlings grown on half-strength Murashige and Skoog (MS) medium plus 29 mM Suc [equivalent to 1% (w/v) Suc] is significantly delayed compared with that of seedlings on the same medium without Suc (Eastmond et al. 2000) . More recently, fugu5-1 and ech2-1 [the loss of function mutant of peroxisomal enoyl-CoA hydratase 2 (ECH2)] seedlings grown on MS medium plus 2% (w/v) Suc (equivalent to 58 mM Suc) displayed a significant delay in TAG breakdown compared with seedlings on the same medium without Suc (Katano et al. 2016) . To investigate the effect of Suc supply on the rate of storage lipid breakdown in growing seedlings, we quantified TAG in WT, fugu5-1, icl-2, mls-2, pck1-2, fugu5-1 icl-2, fugu5-1 mls-2 and fugu5-1 pck1-2 on MS medium plus 2% Suc. As expected, the breakdown of TAG in etiolated seedlings was significantly delayed ( Supplementary Fig. S2 ) compared with that in seedlings grown without Suc (Fig. 2A) . Taking these findings together, it appeared that supplying Suc inhibited TAG breakdown during seed germination regardless of the mutant genotype.
De novo Suc production is compromised differently in icl-2, mls-2 and pck1-2 C, the plates were transferred to a growth room (exposed to light for 6 h at 22 C) to induce seed germination. Then, the plates were double-covered with aluminum foil to establish complete darkness, and etiolated seedlings were harvested every 24 h (starting from germination induction) to measure their length. Data were collected from !13 seedlings at each time point and for each genotype. Data are means ± SD (n = 3 independent experiments). Asterisks represent a significant difference from the WT on MS medium plates without Suc (P < 0.05, two-tailed Student's t-test). (B) Hypocotyl length was measured in etiolated seedlings of the indicated genotypes as described in (A). Data were collected from!92 seedlings at each time point and for each genotype. Data are means ± SD (n = 3 independent experiments). Asterisks represent a significant difference from the WT on MS medium plates without Suc (P < 0.05, two-tailed Student's t-test). Data shown in (A) and (B) were collected independently. Suc, sucrose. produced de novo from seed storage lipids (Ferjani et al. 2011 , Eastmond et al. 2015 . However, such information is missing for icl-2, and only the soluble sugar content (sum of Suc, glucose and fructose) in 2-day-old pck1-2 seedlings has been reported (Eastmond et al. 2015) . We reported that Suc contents were 30.1 ± 7.6 and 15.6 ± 2.5 ng per seedling in 3-day-old WT and fugu5, respectively (Ferjani et al, 2011) . Here, we measured Suc contents as described previously (Ferjani et al. 2011 ) to compare directly the contribution of each enzyme to TAG breakdown and Suc production. Our results revealed that Suc C, the plates were transferred to a growth room (exposed to 6 h light at 22 C) to induce seed germination. Then, the plates were double-covered with aluminum foil to establish complete darkness, and etiolated seedlings were harvested every 24 h (starting from germination induction). TAG contents were quantified with 20 dry seeds or 20 etiolated seedlings for each measurement. Data are means ± SD (n ! 3 independent experiments; three independent measurements per experiment). Asterisks represent a significant difference from the WT (P < 0.05, two-tailed Student's t-test). Data shown in (A) and (B) were collected independently. (C) The quantities of Suc in the WT and the icl-2, mls-2 and pck1-2 mutants were determined during postgerminative growth in 3-day-old etiolated seedlings grown on MS medium without Suc (400 etiolated seedlings/experiment). Data are means ± SD from three independent experiments. Asterisks represent a significant difference from the WT (P < 0.005, two-tailed Student's t-test). TAG, triacylglycerol. DAI, days after induction of seed germination. n.d., not detected. Suc, sucrose. levels are differentially affected by the icl-2, mls-2 and pck1-2 mutations (Fig. 2C) . In fact, the quantities of Suc were 33.96 ± 1.98, 11.26 ± 4.09, 23.65 ± 1.87 and 7.73 ± 2.91 ng per seedling in the WT, icl-2, mls-2 and pck1-2, respectively (Fig.  2C) . The fugu5 mutation reduced Suc content by 50% (Ferjani et al. 2011) , whereas the icl-2, mls-2 and pck1-2 mutations reduced Suc contents by 66, 30 and 77%, respectively.
icl-2, mls-2 and pck1-2 single mutants phenocopied fugu5 compensated cell enlargement
We reported previously that hypocotyl length, cotyledon shape and cellular phenotypes of fugu5 recovered on medium containing Suc (Ferjani et al. 2011) . In addition to hypocotyl elongation defects, striking similarities between the cotyledon shape of fugu5 and that of icl-2 were also unexpectedly seen (Eastmond and Graham, 2001 ; fig. 4 therein; Supplementary Fig. S1 ). Therefore, the number and size of palisade tissue cells in mature icl-2, mls-2 and pck1-2 cotyledons were quantified. Interestingly, we found that cell numbers in all of these mutants decreased significantly, and that cell size increased to the same level as in fugu5-1 (Fig. 3) . Taken together, these results revealed that icl-2, mls-2 and pck1-2 exhibit a typical compensation phenotype.
Next, based on our previous findings on fugu5-1, we extended our cellular phenotyping to the first foliage leaves, provided that these organs display a weaker CCE (Ferjani et al. 2011) . Consistently, our data confirmed that CCE in first leaves was significantly weaker in fugu5-1 and that the icl-2, mls-2 and pck1-2 mutants displayed a similar tendency (Supplementary Fig. S3 ).
All double mutant combinations between icl-2, mls-2, pck1-2 and fugu5-1 do not further enhance cell size
The kinetics of the increases in cell size in compensation-exhibiting lines revealed three different modes for CCE (Ferjani Ferjani et al. 2013b ). Moreover, most double mutants analyzed so far display an additive phenotype for cell number and size (Ferjani et al. 2010 ). This finding indicates that compensation is a heterogeneous phenomenon, whereby cross-talk between cell proliferation and expansion during leaf morphogenesis is governed by several independent genetic pathways (recently reviewed by Hisanaga et al. 2015) .
Here, in addition to the single mutants (fugu5-1, icl-2, mls-2 and pck1-2), we constructed all possible double mutant combinations and assessed their cotyledon cellular phenotypes. As shown in Fig. 3 , the decreases in cell number and cell enlargement were not markedly different between the single and double mutants. Characteristically, supplying Suc to the growth medium significantly restored the cellular phenotypes in all of the double mutants (Fig. 4A, B) . ech2-1 mutation suppressed compensated cell enlargement in icl-2, mls-2 and pck1-2 mutant backgrounds Wereportedthattheech2-1mutationalonedecreasedcotyledoncell number to the same level as fugu5, but did not display CCE (Katano et al. 2016) . Importantly, the ech2-1 mutation specifically suppressed CCE in a fugu5-1 background, but not in Class I compensation mutants Maeshima 2016, Katano et al. 2016) . Based on the above findings, we concluded that the shortened hypocotyls and decreased cell number in cotyledons of ech2-1 are due to reduced Suc, as these phenotypes can be restored upon Suc supply (Katano et al. 2016 ). Furthermore, we proposed the conversion of indole-3-butyric acid (IBA) to IAA, which is the second function of ECH2, as a putative key driving mechanism of Class II CCE (Katano et al. 2016) .
We next examined whether ech2-1 mutation also affects CCE in icl-2, mls-2 and pck1-2 backgrounds. All double mutant combinations between ech2-1 and the above three mutants were constructed and their cotyledon cellular phenotypes were quantified, together with that of fugu5-1 ech2-1. Importantly, we found that although icl-2 ech2-1, mls-2 ech2-1 and pck1-2 ech2-1 exhibited significantly decreased cell numbers (Fig. 5B) , CCE was completely suppressed (Fig. 5C) . Notably, all of the above double mutants displayed typical oblong cotyledons reminiscent of those of fugu5-1 (Fig. 5A) .
Discussion
Plant seeds store carbon in the form of lipids, starch and proteins to fuel post-germinative growth, thus sustaining seedlings until photosynthetic ability is acquired (Bewley and Black 1994) . Arabidopsis is an ideal model system to elucidate the biochemistry and regulation of seed storage lipid mobilization during germination. This process requires the transport of fatty acids, peroxisomal b-oxidation and the glyoxylate cycle, as well as gluconeogenesis that occurs later in the cytosol (Gerhardt 1992 , Graham 2008 . Seedling defects in several mutants with impaired TAG to Suc conversion can be characteristically restored by providing an alternative carbon source, such as Suc.
Hypocotyl elongation defects in etiolated Arabidopsis seedlings have been classically linked to a Suc deficit due to defective usage of seed storage lipids (Graham 2008 ). Yet, this study revealed that Suc content and hypocotyl length were not always strictly correlated (Fig. 1) . Indeed, while hypocotyl length in fugu5-1, icl-2 and mls-2 reflected their TAG-derived Suc contents, pck1-2 hypocotyls were considerably longer than expected (Figs. 1, 2C ). In addition, among the double mutants, hypocotyls in fugu5-1 pck1-2 were the shortest (Fig. 1) . Therefore, although the above enzymes act co-operatively within the same metabolic pathway, as yet unrecognized interactions or synergistic effects among them may exist. Recently, pyruvate orthophosphate dikinase (PPDK) has been elegantly demonstrated to allow sugars to be produced from pyruvate, which is a major product of protein breakdown, marking the discovery of a second gluconeogenic gateway in plants (Eastmond et al. 2015) . Interestingly, while pck1-2 and ppdk single mutants had mild hypocotyl elongation defects, despite having different sugar contents, pck1-2 ppdk double mutants A B C Fig. 5 ech2-1 mutation completely suppressed compensated cell enlargement in icl-2, mls-2 and pck1-2 mutant backgrounds. (A) Gross phenotypes of the WT, fugu5-1 ech2-1, icl-2 ech2-1, mls-2 ech2-1 and pck1-2 ech2-1 mutants and their parental ech2-1, fugu5-1, icl-2, mls-2 and pck1-2 mutants.
Photographs were taken at 10 DAS. Scale bar = 2 mm. Cotyledons of the WT and the indicated mutant lines were dissected from plants grown on rockwool for 25 DAS and fixed in FAA. The cotyledons were cleared using chloral hydrate solution for microscopic observations. The numbers of cotyledon palisade cells in the subepidermal layer (B), and their areas (C), were determined. Cell numbers are means ± SD (n = 8). The cell size values are mean cell areas ± SD of 160 cells from eight different cotyledons. (B) Asterisks represent a significant difference from the WT (two-tailed Student's t-test at P < 0.002). (C) Single asterisks represent a significant difference from the WT (two-tailed Student's t-test at P < 0.001). Double asterisks represent a significant difference between fugu5-1 vs. fugu5-1 ech2-1, icl-2 vs. icl-2 ech2-1, mls-2 vs. mls-2 ech2-1 and pck1-2 vs. pck1-2 ech2-1 (two-tailed Student's t-test at P < 0.001). N.S., no significant difference between the indicated genotypes.
displayed severely shortened hypocotyls (Eastmond et al. 2015) reminiscent of fugu5-1 pck1-2. This further indicates that the hypocotyl phenotype in the above mutants is a more complex trait than previously expected, and interaction(s) between the above two gluconeogenic gateways cannot be ruled out. Until recently, it was widely believed that after germination, cotyledons grow only by expanding cell size, without division (Mansfield and Briarty 1996) . However, cotyledon cell number in Arabidopsis is not determined at seed maturity; indeed, after seeds imbibe water, the palisade cells undergo an additional round of cell division, whereby their number is nearly doubled (Ferjani et al. 2011 , Katano et al. 2016 . This reactivation of cell cycling, being dependent on de novo Suc synthesis, was completely suppressed in fugu5 due to excess PPi, resulting in cotyledons with fewer and larger cells (Ferjani et al. 2007 , Ferjani et al. 2011 . To that end, here we attempted to verify whether compensation is another unrecognized phenotype in icl-2, mls-2 and pck1-2 mutants. Interestingly, our data demonstrated that the icl-2, mls-2 and pck1-2 mutants also exhibited a typical compensation phenotype, which was specific to cotyledons and not further enhanced in the double mutants (Figs. 3, 4 ; Supplementary Fig. S3 ). Whereas de novo Suc synthesis in these mutants was reduced to various levels, from 30% in mls-2 to 77% in pck1-2 (Fig. 2C) , these differences were not directly reflected in the number or size of cells when cotyledons matured, even in the double mutants.
While H + -PPase is abundantly expressed throughout the plant life cycle, ICL, MLS and PEPCK expression peaks at 2-3 days after imbibition (Eastmond et al. 2000 , Cornah et al. 2004 , Penfield et al. 2004 . In this study, the icl-2, mls-2 and pck1-2 mutants failed to increase the number of cells in cotyledons because they failed to use seed storage lipids efficiently (Figs.  2, 3) . Therefore, it is likely that Suc contents affect cell number in cotyledons immediately upon imbibition, whereas cell size is decided later during organ expansion, when the availability of photoassimilates is not a limiting factor for CCE. Also, as mentioned above, ech2-1 mutation specifically suppressed Class II CCE in fugu5 (Katano et al. 2016) . Therefore, one may speculate that CCE occurs through a common mechanism in all of the single and the double mutants examined here. To confirm the above speculation, we further analyzed the effect of ech2-1 mutation on CCE and found that CCE was indeed suppressed completely in icl-2 ech2-1, mls-2 ech2-1 and pck1-2 ech2-1 (Fig. 5) .
Plant development is dynamically regulated through complex genetic networks, where identifying the up-and downstream targets of key regulatory genes for a particular process has been essential to decipher their regulatory logic to the finest detail. As mentioned above, compensation is an intriguing and promising phenomenon to unravel leaf size decision-making, which is unfortunately largely obscure . Henceforth, functional analyses of genes whose loss of function triggers CCE are of great importance. Similarly, identifying as many compensation-exhibiting mutants as possible will provide additional tools and hints to resolve this issue. All of the compensation-exhibiting mutants we have characterized to date have been subcategorized into three groups (Class I, Class II and Class III) based on their post-mitotic cell expansion patterns (Ferjani et al. 2007 , Ferjani et al. 2013a , Ferjani et al. 2013b , Hisanaga et al. 2015 , Katano et al. 2016 . Among them, fugu5 was found first and is the only member of Class II CCE (Ferjani et al. 2007 , Ferjani et al. 2013a , Ferjani et al. 2013b . Here, our findings, which are supported by strong genetic evidence, identified icl-2, mls-2 and pck1-2 as three additional members of Class II CCE.
Reduced Suc contents in the glyoxylate cycle mutants (icl-2 and mls-2) and the gluconeogenesis-defective mutant pck1-2 were strictly due to a defect in the TAG to Suc pathway, whereas an increase in cytosolic PPi inhibited gluconeogenesis in the fugu5-1 mutant. Thus, defects in fugu5-1 hypocotyl elongation and CCE in cotyledons have always been interpreted as triggered primarily by PPi overaccumulation. Here, we found that Suc deficit alone can trigger CCE in icl-2, mls-2 and pck1-2. Therefore, the findings of this study have allowed us to deduce for the first time that a Suc deficit, rather than overaccumulation of PPi itself, is the trigger for CCE in fugu5 mutants. Finally, based on our present results, we propose a working model for Class II CCE, in which the decreased cell number in cotyledons is due to decreased TAG-derived Suc, and CCE occurs in a (IBA to IAA) pathway-dependent manner (Fig. 6 ). Fig. 6 Proposed mechanistic model for compensated cell enlargement (CCE) in Class II compensation mutants. CCE is triggered by a decrease in Suc production from seed storage lipids (TAG) due to excess pyrophosphate (PPi) in the cytosol of the H + -PPase loss-of-function mutant fugu5. TAG to Suc mobilization is a multistep process that involves TAG breakdown, fatty acid transport into peroxisomes, fatty acid b-oxidation, the glyoxylate cycle and the tricarboxylic acid (TCA) cycle in the mitochondrial matrix and gluconeogenesis in the cytosol. Here, we found that the knockout mutants lacking isocitrate lyase (icl-2) or malate synthase (mls-2) from the peroxisome, and the cytosol gluconeogenic enzyme phosphoenolpyruvate carboxykinase (PEPCK)-defective mutant (pck1-2) displayed typical CCE in their cotyledon palisade cells, despite having a functional H + -PPase. Adding Suc to the growth medium was sufficient to rescue the cellular phenotypes (numbers and sizes) to the wild-type levels, whereby CCE was cancelled. Thus, the cell number in cotyledons is decreased due to reduced TAG-derived Suc production. We demonstrated that ech2-1 cancelled CCE not only in fugu5-1 (Katano et al. 2016 ) but also in icl-2, mls-2 and pck1-2 mutant backgrounds (Fig. 5) . This suggested that CCE in all of the above mutants occurs in a (IBA to IAA) pathway-dependent manner. Together, the above findings allowed us to categorize icl-2, mls-2 and pck1-2 as Class II compensation mutants. Finally, our findings further confirm that the TAG-derived Suc metabolic pathway, which supplies energy during imbibition and seedling establishment, is crucial not only at the early stages of seedling establishment but also at later stages during post-germinative organ development.
Because the abcg36 mutant, which is defective in the putative IBA efflux carrier, displayed enlarged cotyledons, it has been proposed that increased accumulation of IBA in cells of these organs led to increased IAA and promoted cell enlargement Bartel 2009, Strader and Bartel 2011) . In contrast, the ibr1 ibr3 ibr10 triple mutants, which are defective in IBA to IAA conversion, displayed small cotyledons (Strader et al. 2010) , and the enlarged-cotyledon phenotype was suppressed in the ibr1 ibr3 ibr10 abcg36 quadruple mutants (Zolman et al. 2007 , Zolman et al. 2008 . Although our working model suggesting IAA as a key promoting factor for Class II CCE is supported by strong genetic evidence, it must be validated experimentally. This can be achieved either by evaluating the effect of the exogenous supply of IBA and/or IAA on CCE in the mutant lines used in this study, or by combining Class II mutants with other mutants with specific defects in IBA transport or IBA-derived IAA production.
Materials and Methods

Plant materials and growth conditions
The WT used in this study was Columbia-0 (Col-0), and all other mutants were in the Col-0 background. Seeds of icl-2, mls-2 and pck1-2 were a kind gift from Professor Ian Graham (The University of York). ech2-1 mutant allele seeds were a kind gift from Professor Bonnie Bartel (Department of Biochemistry and Cell Biology, Rice University). Seeds were sown on rockwool (Nitto Boseki), watered daily with 0.5 g l À1 Hyponex solution and grown under a 16/8 h light/dark cycle with white light fluorescent lamps at approximately 50 mmol m -2 s -1 and 22 C. Sterilized seeds were sown on MS medium (Wako Pure Chemical) or MS medium with 2% (w/v) Suc where indicated, and solidified using 0.2-0.5% (w/v) gellan gum (Murashige and Skoog 1962) to determine the effect of medium composition on growth. After sowing the seeds, the MS plates were stored at 4 C in the dark for 3 d. After cold treatment, the seedlings were grown either in the light (for the cellular phenotype analysis) or in the dark (for the etiolated seedling analysis) for designated periods of time. Three sets of experiments were conducted in parallel. The first set was conducted using the WT, fugu5-1 icl-2, fugu5-1 mls-2 and fugu5-1 pck1-2 mutants and their parental fugu5-1, icl-2, mls-2 and pck1-2 mutants. The second set was conducted using the WT, icl-2 mls-2, icl-2 pck1-2 and mls-2 pck1-2 mutants and their parental icl-2, mls-2 and pck1-2 mutants. The third set was conducted using the WT, fugu5-1 ech2-1, icl-2 ech2-1, mls-2 ech2-1 and pck1-2 ech2-1 mutants and their parental ech2-1, fugu5-1, icl-2, mls-2 and pck1-2 mutants.
Mutant genotyping and double mutant generation fugu5-1 was used as a representative loss-of-function mutant allele of the vacuolar type H + -PPase (Ferjani et al. 2011) . Derived cleaved amplified polymorphic sequence primers with one mismatch (fugu5-1-FW: 5 0 -CAGGCTGGTGTATCA GAGCAT-3 0 and fugu5-1-RV: 5 0 -GACTCAACAGCCATGAGCTT-3 0 ) were used for genotyping the fugu5-1 mutation, which consists of a single amino acid substitution (Ala709 to threonine). PCR amplification followed by SphI digestion was used to distinguish between the WT (134 bp + 18 bp fragments) and fugu5-1 mutant (152 bp fragment). icl-2, mls-2, pck1-2 and ech2-1 were genotyped as described previously (Eastmond et al. 2000 , Cornah et al. 2004 , Penfield et al. 2004 . fugu5-1, icl-2, mls-2, pck1-2 and ech2-1 plants were crossed with each other to obtain the double mutants, and the genotypes of the F 2 plants were checked using a combination of the above PCR-based markers.
Microscopic observations and phenotypic analyses
Photographs of the gross plant phenotypes at 10 DAS were taken with a stereoscopic microscope (M165FC; Leica Microsystems Inc.) connected to a CCD camera (DFC300FX; Leica Microsystems) and those at 21 DAS were taken with a digital camera (D5000 Nikkor lens AF-S Micro Nikkor 60 mm; Nikon).
Leaves were fixed in formalin/acetic acid/alcohol and cleared with chloral solution (200 g of chloral hydrate, 20 g of glycerol and 50 ml of deionized water) to measure leaf area and cell number, as described previously (Tsuge et al. 1996) . Whole leaves were observed using a stereoscopic microscope equipped with a CCD camera. Leaf palisade tissue cells were observed and photographed under a light microscope (DM-2500; Leica Microsystems) equipped with Nomarski differential interference contrast optics and a CCD camera. Cell size was determined as mean palisade cell area, detected from a paradermal view, as described previously (Ferjani et al. 2011) .
